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ABSTRACT 

/ /  3 6 ~  
A s e r i e s  of  formulae is d e r i v e d  t o  d e o o n s t r a t e  t h a t  t h e  

i n t e r a c t i o n  i n  the  ionosphere between a s t r o n g  amplitude-modula- 

t e d  and a weak nonmodulated wave a f f e c t  n o t  on ly  t h e  a b s o r p t i o n  

b u t  a l s o  t h e  d i e l e c t r i c  c o n s t a n t ,  as a r e s u l t  o f  which t h e  we& 

wave becomes not  on ly  amplitude-modulated but  also phase-modulated . 
The formulae are considered s u f f i c i e n t l y  a c c u r a t e  when 

t r a n s m i t t e r  power does n o t  exceed 100 t o  200 k w ,  Although i n v e s t i -  

g a t i o n s  made both d u r i n g  t h e  day and a t  n i g h t  a r e  i n  agreexent  

wi th  t h e  coriiputed data, i t  i s  s t r e s s e d  t h a t  t h e  c a l c u l a t i o n s  

should  be considered as having only  a g e n e r a l  i n d i c a t i v e  value.  

* 
* *  

1 . Usual ly ,  when examining t h e  i n t e r a c t i o n  o f  two r a d i o  

waves i n  t h e  ionosphere - a  weak nonmodulated and a s t r o n g  ampli- 

t u d e  modulated by sound frequency- i t  is customary t o  limit one- 

s e l f  t o  t h e  c o n s i d e r a t i o n  of amplitude modulation imparted by t h e  

"s t rongt1 wave upon t h e  Itweak" mave ( c r o s s  modula t ion) .  A s  is w e l l  

known, t h e  l a t t e r  i s  condi t ioned  by t h e  f a c t  t h a t  t h e  e f f e c t i v e  

~ ~~ 
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number of c o l l i s i o n s  v a r i e s  under t h e  e f f e c t  o f  t h e  "s t rongf '  

wave, and by t h e  s t r e n g t h  of t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t  

o f  t h e  llweakrl wave changes a l s o .  However, g e n e r a l l y  speak ing  

t h e  d i e l e c t r i c  c o n s t a n t  depends on t h e  e f f e c t i v e  number o f  col- 

l i s i o n s  a l s o .  Sy t h e  s t r e n g t h  o f  t h a t  i t  i s  obvio:is t h a t  t h e  weak 

wave mill n o t  on ly  be amplitude-modulated b u t  a l s o  phase-modulated. 

L e t  us c o n s i d e r  t h i s  q u e s t i o n  a t  f u r t h e r  l e n g t h .  

Assume t h a t  an amplitude-modulated wave p ropaga te s  i n  t h e  

ionosphere  and  t h a t  i ts f i e l d  a t  t h e  lower  boui idary o f  t h e  iono- 

s 2 h e r e  has  t h e  form 

E, = El0[  1 + M cos (92t)l cos ( q t ) .  (1) 

Thc e f f e c t i v e  number of  c o l l i s i o n s  having  v e r i e d  under  t h e  

e f f e c t  of  t h i s  nave may be m i t t e n  i n  t h e  form: 

%I$@ = v o  + Avo + AVQ + A%,. (2) 

Here 3, i s  t h e  va lue  o f  V at = 0, i s  t h e  c o r r e c t i o n  

f o r  J o  c o n t a i n i n g  t h e  p e r i o d i c a l  terms of t h e  s o n i c  f requency 

.a, 2Q , d 9 ~ ,  is t h e  c o r r e c t i o n  c o n t a i n i n c  t h e  p e r i o d i c a l  te rms  

of  t h e  h igh  frequency 205. 

e f f  0 

L e t  us co c i d e r  t 3 z t  t h e  f i e l d  El is  n o t  ve ry  g r e a t  s o  t h a t  

we may limit our se lves  t o  account ing  f o r  t h e  n o n l i n e a r i t y  i n  t h e  

f irst  approximat ion-  Bes ides ,  l e t  u s  n e p l e c t  t h e  term Ago ( f o r  i n  

t h e  cons idered  approximation Avo <( yo). and a l s o  t h e  usually s m a l l  

terrnAgw . For t h e  same reason we s h a l l  no t  c o n s i d e r  t h e  appear ing  

waves wi th  combined b e a r i n g  f r equenc ie s  C11. We sball l i r i i i t  our- 

s e l v e s  w i t h i n  t h e  fran;ework of "elementaryf1 theo ry  *. F i n d l y ,  w e  

1 

* It is wel l  known t h a t  provided one i s  o n l y  i n t e r e s t e d  i n  t h e  v a r i a -  
t i o n s  a long  t h e  s o n i c  f requency,  t h e r e  i s  no n e c e s s i t y  o f  s o l v i n g  
t h e  n o n l i n e a r  wave equat ion:  It i s  s u f f i c i e n t  t o  conf ine  o n e s e l f  
t o  t h e  f f q u a s i s t a t i o n a r y * t  s o l u t i o n  o f  t h e  l i n e a r  equa t ion .  That  is 
what we a r e  expected t o  do i n  t h e  fol lowing.  
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s h a l l  c o n s i d e r  t h a t  0, < W j y ,  (QH b e i n g  t h e  gyromagnetic f requency) .  

Then f o r  AVg we s h a l l  have : E21 Ave = Mlcos(Qt- y , )  + M 2 c o s ( 2 Q t - v 2 ) ;  

where t h e  fo l lowing  des igna t ions  were a i o p t e d  : e ,  m a r e  r eEpec t i -  

v e l y  t h e  charge and t h e  m a s s  o f  t h e  e l e c t r o n ,  v i s  its mean motion 

v e l o c i t y ,  8 is  t h e  mean dose of energy l o s t  be t h e  e l e c t r o n  a t  co l -  

l i s i o n  wi th  heavy p a r t i c l e s  (molecules o r  i o n s ) ,  i s  t h e  angle  

between El and H, ( H , b e i n g  the  i n t e n s i t y  o f  t h e  E a r t h ' s  n a g n e t i c  

f i e l d ) .  

The "weak1' wave & = &COS(%t  - (e) , t r a v e r s i n g  t h e  d i s t u r b e d  
p a r t  of  t h e  io-osphere m i l l  r e s u l t  amplitude-modulated and,  as poin- 

t e d  o u t  ea r l i e r  - phase-modulated. L e t  us c o n s i d e r  t h e  wave phase 

i n  a more d e t a i l e d  f a sh ion .  For s i m p l i c i t v  we s h a l l  assume t h a t  t h e  

p ropaga t ion  of t h e  wave t a k e s  p l a c e  i n  a honogenous medium (when 

d e a l i n g  wi th  numerical  e s t ima tes  below, we shall make more p r e c i s e  

t h e  ionosphere  model >. ';!e may t hen  w r i t e  f o r  t h e  Fhase CP : 

where n(@,> is t h e  w a v e t s / r e f r a c t i v e  index ,  c is t h e  speed  of  

l i g h t ,  z - t h e  ivave's path.  

Under t h e  c o n d i t i o n  which i s  usually sa- 
t i s f i e d  ( excep t  f o r  t h e  r e f l e c t i o n  r e g i o n ) ,  ne have : 
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where a= 4=e2N/m, is t h e  e l e c t r o n  concen t r a t ion .  S u b s t i t u t i n g  

v~~ *O+&QI and l i m i t i n g  ou r se lves  t o  accoun t ing  t h e  terms conta in-  

i n g  AVQin t h e  f i r s t  power, we s h a l l  o b t a i n  a f t e r  r a t h e r  s imple  

t r a n s  f orrna t i o n s  : 

Then, accord ing  t o  (41, we s h a l l  have for t h e  wave phase:  

and a f t e r  s u b s t i t u t i n g  all t he  q u a n t i t i e s ,  ne s h a l l  o b t a i n  t h e  

fo l lowing  expres s ion  f o r  AV : 

T h u s ,  at t h e  r e c e i v i n g  s p o t ,  t h e  02 f requency wave w i l l  r e s u l t  n o t  

o n l y  amp1 i tude  -mo d u l  a t  e d b u t  a l s o  phase -mo du l  at e d with  modulation 

f r e q u e r  ‘‘ Q, 2 Q .  The i n d i c e s  o f  phase modulat ionsf , ,  and 

ar-  h6 -ermined by t h e  expres s ion  (8 ) .  
P2Q &a\\?’ ’ 

L e t  u s  make some remarks concern ing  those  admissions which 
*\\77 

\%\ 

were made e a r l i e r ,  when d e r i v i n g  t h e  expres s ions  (8 ) .  
The f a c t  t h a t  by assuming A9 (< 3, , we l i m i t e d  o u r s e l v e s  

t o  accoun t ing  only  t h e  terms c o n t a i n i n g  bV i n  t h e  power n o t  above 

t h e  f i r s t ,  imposes l i m i t a t i o n s  t o  f i e l d  i g t e n s i t y  o f  t h e  l lper turb ingt f  
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We may cons ider  t h a t  formulae ( 8 )  a r e  v a l i d  wi th  10' t r a n s m i t t e r  E 

a s u f f i c i e n t  p r e c i s i o n ,  while  the  power of  t h i s  t r a n s m i t t e r  does 

n o t  exceed 100 +200 k w  ( s e e  f o r  example C31 ). 

F u r t h e r ,  when cons ide r ing  t h i s  we u t i l i z e d  formulae of 

e lementary  theory .  It has  been shown i n  a s e r i e s  of  works ( s e e  f o r  

example c1, 21, t h a t  if we assume o r  vt= v2=3kTlm, 
i n  ( 3 )  and consequent ly  i n  (81, t h e s e  formulacwi l l  be d i s t i n c t  from 

t h e  cor responding  k i n e t i c  theory  formulae ( a t  l e a s t  f o r  t h e  case  o f  

e l e c t r o n  c o l l i s i o n s  wi th  molecules)  by only t h e  numerical  f a c t o r  

c l o s e  t o  t h e  un i ty .  I n  o u r  case t h i s  is immaterial. 

- 
~2 = i2 = 8 kTjxm 

F i n a l l y ,  concern ing  the assumption about  t h e  homogeneity 

o f  t h e  medium. I f  we account  f o r  t h e  inhomogeneity of  t h e  medium, 

we shall obv ious ly  o b t a i n  i n  the  geomet r i ca l  o p t i c s  approximation 

i n s t e a d  o f  ( 8 )  t h e  fo l lowing  expres s ion  :* 
N v t  Efo cos2 p 

ds; - o2 4 x e4M 
c m3 

p* = - -- 

(ea,' 
N v i  &To cos2 fJ - ds, w2 r e 4  Ma 

c m3 
p2ll = - 

where 6 i s  t h e  wave'F Y2 pa th  i n  t h e  r e g i o n  of t h e  ionosphere  

l lper turbedl t  by t h e  e f f e c t  of t h e  wave E These a r e  t h e  formulae 

w e  s h a l l  u t i l i z e  below when conduct ing c o n c r e t e  c a l c u l a t i o n s .  
1. 

2. It is  i n t e r e s t i n g  t o  compare t h e  magnitude o f  t h e  phase 

modulat ion wi th  t h e  depth o f  m p l i t u d e  nodu la t ion  i n d i c e d  upon t h e  

wave E2 by waves of  t he  i n t e r e f e r i n g  s t a t i o n  5.  I n  t h e  cons idered  

approximat ion  we shall have f o r  t h e  depth  of c r o s s  ampli tude modu- 

l a t i o n  : 
e* Ei0 v,M cos2 x,ds 

M e =  - --- 

* t h i s  i s  q u i t e  s u f f i c i e n t  whene t h e r e  a r e  no s h a r p  inhomogenei t ies  
i n  t h e  medium. 
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I n  case  of  a uniform medium JUo d s  is rep laced  by xoz. F u r t h e r ,  

f o r  t h e  ampli tude a b s o r p t i o n  c o e f f i c i e n t  xo w e  s h a l l  u t i l i z e  t h e  

e x p r e s s i o n  C21 : 

where 

t h e n  o b t a i n  f o r  M2: 
= e2Nv,, /rn(w; + v i ) i  i s  t h e  ionosphere  conduc t iv i ty .  We s h a l l  

From (8 )  and ( 9 )  we s h a l l  f i n d  

' (10)' 

I n  t h e  c m e  of  a nonuniform medium t h e  c o r r e l a t i o n  (10) remains 

obv ious ly  v a l i d ,  i f  w e  view J a6 a c e r t a i n  mean va lue  o f  t h i s  

q u a n t i t y  i n  t h e  i n t e r a c t i o n  reEion.  
0 

It is c l e a r  from (10) t h a t  i f  w e  measure t h e  index  o f  phase 

modulat ion s imul t aneous ly  w i t h  t h e  measurement o f  t h e  depth  o f  t h e  

p a r a s i t i c  ampli tude modulation, i t  i s  easy  t o  determine t h e  quant i -  

t y  9, .  F u r t h e r ,  s t u d y i n g  t h e  dependence of  N2 o r  ?Q on t h e  modu- 
l a t i o n  frequency R ,  we may determine,  as i s  wel l  known t h e  quant i -  

t y  gVo expe r imen ta l ly .  Consequently i t  w i l l  be p o s s i b l e  t o  determine 

from t h e s e  expeririients t h e  v d u e  o f  t h e  parameter  S d i r e c t l y  under 

t h e  ionosphere  c o n d i t i o n s  and  wi th  a s u f f i c i e n t  p r e c i s i o n .  

L e t  us  c l a r i f y  as t o  whether t h e  index  of  p a r a s i t i c  phase 

modulat ion i s  s u f f i c i e n t l y  g r e a t  f o r  d i r e c t  mcasurenents . 
It may a l r e a d y  be s,een from formula (10) t h a t  under t h e  

c o n d i t i o n  @ ~ ~ v o l  t h e  q u a n t i t i e s  pa and ETR w i l l  be of  t h e  same 

o r d e r .  L e t  us no te  tha t  phasometr ic  devices  mag have a s u f f i c i e n t  

s e n s i t i v i t y  ( s e e  f o r  example C41 >. That i s  why t h e  p o s s i b i l i t y  of 
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expe r imen ta l  s t u d y  of  p a r a s i t i c  phase modulation l e a v e s  no doubt .  

More d e t a i l e d  c a l c u l a t i o n s  were c a r r i e d  o u t  f o r  t h e  expec ted  

va lues  PQ and Mgin two cases .  

a )  Night Condi t ions .  The fo l lowing  l a y e r  model i s  adopted: 

t h e  l a y e r  begins  a t  70 k m  a l t i t u d e .  From 70 t o  80 k m  N = No I 100 

e l e c t r o n  ~ m - ~ ,  as of 80 km the v a r i a t i o n  of  N t a k e s  p l ace  acco rd ing  
t o  l i n e a r  l a w ,  while a t  90 km N r eaches  t h e  v a l u e  N = 2.5.10 3 e l  

n e n t i a l  l a w  from t h e  va lue  3, = 1 0  7 sec'l 

As t o  g o ,  i t  is t a k e n  f o r  g ran ted  t h a t  i t  v a r i e s  accord ing  t o  expo- 

at e = 70 k m ,  t o  
5 -1 q 0  = 8 1 0  sec f o r  e = 90 km. F u r t h e r  i t  is cons idered  t h a t  t h e  

power of t h e  ' i n t e r f e r i n g q  t r a n s m i t t e r  is  100 kw, and i ts  f requency  

fi 5 01/2% =E 200 kc / s ,  t h e  an tenna  d i r e c t e d  a c t i o n  c o e f f i c i e n t  

is  t h e  u n i t y .  The frequency of t h e  llmodulablell t r a n s m i t t e r  f2 = 
= 0 2 / 2 4  = 400 kc / s ,  t h e  d i s t a n c e  between i t  and t h e  r e c e p t i o n  

p o i n t  is 250 k m ,  whi le  t h e  9 . n t e r f e r i n g f 1  t r a n s m i t t e r  i s  k t u a t e d  

half-way between t h e  l tmodulatingll  t r a n s m i t t e r  and t h e  r e c e p t i o n  

p o i n t  . 
The p a t h  o f  t h e  wave "2 w a s  approximated i n  t h e  form of 

l a t e r a l  s i d e s  o f  an i s o s c e l e s  t r i a n g l e .  To e f f e c t  t h e  numerical  i n -  

t e g r a t i o n  i n  f o r x i l a  ( 8 a ) ,  the ionosphere  w a s  broken up i n t o  l a y e r s  

o f  2 km width ,  t h e  parameter  v a l u e s  f o r  each l a y e r  be ing  t aken  

e q u a l  t o  t h e i r  va lue  i n  t h e  median p a r t .  It was t hen  ob ta ined  t h a t  

p~d 9.0 *loo2. A similar computation o f  M 

r e s u l t  : MQ - 8.7 9 1,0-2, which i s  c l o s e  t o  t h e  va lues  observed 

i n  c o n c r e t e  c o n d i t i o n s .  

gave t h e  fo l lowing  

b) Daytime Condit ions.  The fo l lowing  model o f  t h e  lower  

ionosphere  has  been adopted:  from 55 t o  70 km N v a r i e s  acco rd ing  

t o  l i n e a r  l a w  from N = 0 t o  N70 = 1 0  e l e c t r o n  cm . F u r t h e r ,  t o  

80 k m  w e  cons idered  N = const  ( h i g h e r  l a y e r s  a r e  of  no i n t e r e s t  

t o  us ,  s i n c e  t h e  wave 02 is  r e f l e c t e d  below z = 80 km). The remai- 

n i n g  parameters  a r e  adopted t h e  same as i n  t h e  case  a). 

3 -2 
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The computations gave t h e  f o l l o v i n z  r e s u l t s  : 

It should  be noted  that  i f  one obse rves  and measures 

t h e  c r o s s  ampli tude modulation, t h e  depth o f  which i s  l e s s  t h a n  

0.5%, which i n  o u r  op in ion  i s  q u i t e  d i f f i c u l t ,  t h e  measurement 

o f  t h e  p a r a s i t i c  phase modulation i n d e x  o f  t h e  o r d e r  o f  +lo' 
is  q u i t e  p o s s i b l e .  

4 

Obviously,  t h e  above n u n e r i c a l  computations must o n l y  be 

cons ide red  as t e n t a t i v e .  They however unques t ionably  a t tes t  t o  t h e  

f a c t  t h a t  t h e  s t u d y  of  t h e  p a r a s i t i c  phase modulat ion may s i g n i f i c a n t -  

l y  complement those  informa; ms about  t h e  lower  ionosphere  which 

a r e  ob ta ined  a t  t h e  a n a l y s i s  o f  d a t a  on c r o s s  modulation. P a r t i c u -  

l a r l y  impor tan t  i s  t h e  circumstance t h a t  t h e  p a r a s i t i c  phase rnodula- 

t i o n  may appa ren t ly  be measured i n  daytime c o n d i t i o n s :  t h e  corresnon-  

d i n g  exper imenta l  d a t a  would provide  valua'nle i n fo rma t ions  about  t h e  

D-layer ,  which a t  p r e s e n t  i s  s t i l l  l i t t l e  s t u d i e d .  

L e t  u s  n o t e  i n  conclusion t h a t  we a l s o  made an at ternyt  t o  

s t u d y  t h e  p a r a s i t i c  phase modulation appear ing  on account  of  iono- 

sphe re  n o n l i n e a r i t y  ( s e l f - a c t i o n ) .  Th i s  atteriipt f a i l e d ,  becailse 

t h e  t r a n s m i t t e r  i t s e l f  had a p a r w i t i c  phase modulation t h a t  could 

not  have been s e p a r a t e d  from t h e  phase modulation o c c u r r i n g  i n  t h e  

ionoephere .  

I n  i n v e s t i g a t i n g  r a d i o  wave i n t e r a c t i o n  no such  d i f f i c u l t i e s  

a r e  t o  be expec ted ,  s i n c e  t h e  r ece ived  wave LIZ does no t  modulate 

i n  t h e  t r a n s m i t t e r ,  whi le  the  s m a l l  p a r a s i t i c  phas; modulat ion o f  

t h e  "per turb ing"  wave 01 w i l l  p r a c t i c a l l y  have no e f f e c t  i n  t h e  

f i n a l  r e s u l t .  

The au tho r  vrishes t o  exp res s  h i s  thanks  t o  I. A .  Ninyaycheva 

whi p a r t i c i p a t e d  i n  t h e  conductin,q o f  coapu ta t ions .  

References.  ./. . 



. 
' I .  

I 
f 

9. 

R E  F E  R E l J  C E S  

1. I . M. VILENSKIY, ZhETF, 22, 544, 1952. 

2. Y a  L .  AL'PERT, V. L .  G U I Z B U E G ,  E. L. FEY!;TWRG. Raspros t raneniye  
r ad iovo ln  (Radio Wave P ropaga t ion )  Par t  11, p a r a  64. 

Gos tekhixdat ,  M. , 1953. 
3.  V. L .  GUINZBURG, A. V. GURCVICH. UF", 7 0 ,  201, 393, 1960. 

4. D. I . SHEYNMAN. 1zv.V. Uch.Zav. "Radiotekhnika" ( i n  p r i n t )  . 

Novosib i rsk  E l e c t r o t e c h n i c a l  I n s t i t u t e  
o f Co r-nuni c at i ons 

En te red  
on 20 November 1961. 

T r a n s l a t e d  by ANDRE L.  BRICHANT 

for t h e  

NATIONAL AEIiONAUTI CS AND SPACE ADMINISTRATION 

on 28 October 1962. 




